In this paper, we report the fabrication the methacryl-oligosiloxane nano hybrid films from 3-(trimethoxysilyl)propyl methacrylate (MPTS) and diphenylsilanediol (DPSD), and the investigation of the tuneability of the optical characteristics of the films through the compositional change. The viscosity of the methacryl-oligosiloxane nano hybrid resin was altered at 10 2 intervals by the compositional modification without any drastic changes in the reaction parameters, and thickness-controlled (from 11 to 150 m) and uniformly coated (less than 1 nm root-mean-square roughness) films were obtained through a single coating step. The refractive indices were tunable from 1.506 to 1.543, depending on composition. On the other hand, the thermo-optic coefficients remained constant (−2 × 10 −4 /°C), independent of composition. Also, we demonstrated a thick (170 m) photo pattern with a high aspect ratio (3:1). Methacryl-oligosiloxane nano hybrid materials can be promising candidates for the optical applications due to easy and wide tuneability of their optical parameters.
I. INTRODUCTION
Planar optical devices have been of much interest in integrated planar lightwave circuit applications. Much effort has been exerted to develop planar optical devices using optically transparent materials such as silica and polymers.
1,2 They were produced using various methods, such as the physical vapor deposition (PVD), chemical vapor deposition (CVD), and sol-gel processes. Among these, the sol-gel process has been considered the most practical in fabricating the planar optical devices because optically homogeneous coatings can easily be obtained at a low cost. 3, 4 In recent years, sol-gel-derived organic-inorganic hybrid materials (HYBRIMERs) were developed and studied for optical applications because of their excellent optical properties and relatively high thermal stabilities in comparison to general optical polymers. 5, 6 They also possess some very fascinating features, such as their photo-curablility and their easily tunable optical characteristics. [7] [8] [9] [10] [11] A photo-curable HYBRIMER can be synthesized through the introduction of photo-active precursors, which usually contain C‫ס‬C bonds. One of these photocurable HYBRIMERs is the methacryl-oligosiloxane nano hybrid material (methacryl HYBRIMER) synthesized from 3-(trimethoxysilyl)propyl methacrylate (MPTS) and diphenylsilanediol (DPSD). MPTS has a photo-polymerizable methacryl group. DPSD contains silanol groups, which can react with the methoxy groups in MPTS. Since methanol, a byproduct of the condensation reaction between the precursors, can easily be removed through vacuum heating, a photo-curable solventless methacryl-oligosiloxane nano hybrid resin can be synthesized. The thick and crack-free methacryl HYBRIMER coating films can be obtained via a photopolymerization reaction of methacryl groups in the resin because the stress on the films induced by the evaporation of the volatile solvent was minimized during the curing step. The schematic reactions of the fabrication of methacryl HYBRIMER films are illustrated in Fig. 1 . This methacryl HYBRIMER is a promising candidate for use in photonic devices, since it exhibits low optical absorption caused by few residual silanol contents, good adhesion behavior upon various substrates, high thermal stability, and photo-patternability. [12] [13] [14] [15] [16] We have already reported that the size and shape of oligosiloxane in the resin were altered by the composition ratio of the precursors, MPTS and DPSD, but without any drastic changes in the reaction parameters. 17 The molecular structural change of the resin directly influences rheological and polymerization behavior. Moreover, the optical properties of the methacryl HYBRIMER can be also altered through compositional modification.
The most important aspects in the fabrication of the photonic devices are the precise control of the dimensions of the device structure and the optical properties of the materials. 1 In this respect, to make the methacryl HYBRIMER fit the requirements of the various optical applications precisely, it is important to study the effects of the compositional modification.
In this study, a thick methacryl-HYBRIMER film was fabircated from DPSD and MPTS. The effects of compositional modification on the rheological and polymerization behaviors and its optical properties, such as the refractive index and the thermo-optic coefficient, were studied. Finally, a photo-pattern of thick methacryl HYBRIMER films with high aspect ratios was also demonstrated.
II. EXPERIMENT

A. Fabrication of methacryl HYBRIMER films
The precursor molecules, used without further purification, were 3-(trimethoxysilyl)propyl methacrylate (MPTS, Aldrich, Milwaukee, WI) and diphenylsilanediol (DPSD, TCI, Tokyo, Japan). Barium hydroxide monohydrate [Ba(OH) 2 ·H 2 O, Aldrich] was also used as a catalyst to promote the condensation reaction between the two precursors. MPTS and Ba(OH) 2 ·H 2 O were mixed at 80°C, and DPSD was added continuously to the mixture for 2 h to prevent phase separation and self-condensation of DPSD. The amount of Ba(OH) 2 ·H 2 O was fixed at 0.1 mol% of the total silane compound while that of DPSD was changed from 33 to 55 mol% of the total silane compound. The solution was kept at 80°C for another 2 h to progress the reaction. After that, methanol, a byproduct of the condensation reaction, was removed by vacuum heating. The solution was allowed to cool at room temperature and was later filtered using a 0.45-m Teflon filter, to remove Ba(OH) 2 ·H 2 O. This left a clear solution of solvent-less methacryl-oligosiloxane nano hybrid resin.
For the photo-polymerization of the methacryl groups in the resin, 2,2-dimethoxy-2-phenyl-acetophenone (BDK, Aldrich) and 2-benzyl-2-N,N-dimethylamino-1-(4-morpholinophenyl)butanone (IRG 369, Aldrich) were added as a photo initiator before the coating process. The photo initiator had a concentration level of 1 mol% of the total polymerizable methacryl group. The prepared photo-sensitive resins were spin-coated onto the silicon wafers at various rpms for 30 s The resultant films were illuminated using an ultraviolet (UV) lamp (500W Hg Lamp, ∼365nm, Oriel 97453) in an N 2 atmosphere. The HYBRIMER films were thermally treated for better curing for 4 h at 150°C\ after the photo-polymerization.
B. Characterization
The near infrared (NIR) absorption spectrum of the resin was obtained using an ultraviolet-visible-near infrared (UV/VIS/NIR) spectrophotometer (Shimadzu, Kyoto, Japan, UV-3101PC). The viscosity of the resin was measured at 30°C using a rheometer (BROOK-FIELD, DV-III+). The film-thickness measurement was carried out using a scanning electron microscope (SEM; Phillips 535M). The surface morphology of the film was observed using a atomic force microscopy (AFM; Autoprobe 5M, Park Scientific Instruments, Woodbury, NY). The structural evolutions of the films were examined through Fourier transform infrared (FTIR) spectroscopy (JASCO, FT-IR 460plus). All measurements were performed at a 4000-500 cm −1 range with a 4 cm −1 resolution. The refractive indices of the resins were determined using the Abbe refractometer (Bellingham Stanley Ltd. 60/ED), at a 589.6-nm wavelength. The refractive index of the coating film was obtained through a prism coupling method at a 1550-nm wavelength. The prism coupler (Pennington, Metricon 2010), equipped with an auto-controlled hot stage, was used to measure the temperature dependence of the refractive index (dn/dT) in the coating films. 7, 18 The refractive index was measured at a temperature range of 30-90°C.
III. RESULTS AND DISCUSSIONS
A. Fabrication of thick films with low optical absorption
An important issue of materials for optical application is the NIR absorption behavior, particularly at 1310 and 1550 nm. 1, 13 The methacryl-oligosiloxane nano hybrid resin can be synthesized through a condensation reaction between the silanol group of DPSD and the methoxy group of MPTS. This synthesis is carried out without the addition of water, which can reduce the residual silanol contents. 13 Methanol, a byproduct of the condensation reaction between the precursors, can easily be removed through vacuum heating, as previously mentioned. Thus, the amount of CH and OH groups in the resin can be decreased and, consequently, the NIR absorption of the resin at 1310 and 1550 nm can be minized. Figure 2 presents the NIR absorption spectra of the resin with different compositions. As shown in Fig. 2 , the resin shows less than 1 dB/cm of optical absorption at telecom wavelength (at 850, 1310, and 1550 nm), this value is lower than that of optical poly-methyl methacrylate (PMMA) whose absorption at 1550 nm is around 1.5 dB/cm. 13 The degree of the condensation reaction of the resin during the synthesis can be controlled by the composition ratio of the precursors, DPSD and MPTS. 17 This directly affects the size and shape of oligosiloxane in the resin. Thus, the rheological behavior of the resin can be changed through compositional modification. Figure 3(a) shows the viscosity of the resin as a function of composition. The viscosity increases from 30 to 1800 cps with DPSD contents. This was caused by the further condensation reactions and, consequently, by the increase of the molecular weight of the resin. And also, it was found that when the DPSD content was 50 mol% or less, the oligosiloxanes in the resins were mostly linear in shape. 17 When the DPSD content was more than 50 mol%, on the other hand, the oligosiloxane in the resin branched out because of the stoichiometry between the silanol groups of DPSD and the methoxy groups of MPTS. 17 The abrupt increase in the viscosity of the resins at 55 mol% of DPSD contents can, therefore, be explained by the formation of the branched oligosiloxane. 19 The spin-coated methacryl HYBRIMER film thickness can be controlled by its composition and spincoating speed (rpm). Figure 3(b) shows the thickness of the spin-coated film with different compositions as a function of rpm. It was found that all of the films had no cracks, although their thickness levels rose to 150 m. The film thicknesses increased from 11 to 150 m, in response to the DPSD contents, at a constant 500-rpm condition caused by the viscosity change. They were also widely tunable through the modification of the spincoating speeds, especially from 30 to 150 m in the case of 55 mol% of DPSD contents. Figure 4 shows the cross-sectional SEM images of the films in different compositions, at constant 500 rpm conditions. The surfaces of the films of all the compositions were flat and uniform. Their root-mean-square (rms) roughnesses, measured by the AFM, were all less than 1 nm. The films also exhibited good wetting and adhesion behavior on the substrate. This thickness-controlled and flaw-less methacryl HYBRIMER films can, therefore, even be used in multilayer optical applications.
B. Photo-curing behavior
Photo-curing through the polymerization of the methacryl groups in the resin can be confirmed using FTIR spectroscopy. Figure 5 shows the FTIR spectra of the films doped with BDK as the photo-initiator. The peak assignments of the FTIR spectra have been recorded in previous works. 12 In the FTIR spectra, the 1720 and 1640 cm −1 peaks represent the carbonyl (C‫ס‬O) group stretching mode and the vinyl (C‫ס‬C) group stretching mode, respectively. The intensity of the peak from the C‫ס‬C group stretching mode decreased with UV irradiation. This indicates that the photo-polymerization of the methacryl groups has proceeded. The C‫ס‬O peak shifts to higher wave numbers as the photo-polymerization continues, showing that the C‫ס‬O group does not conjugate with the C‫ס‬C group. The decreases in the C‫ס‬C peak intensity levels in all the compositions were saturated only at UV doses of 860 mJ/cm 2 . This indicates that the photo-polymerization efficiency of the methacryl HYBRIMER is very high compared to other nano hybrid materials.
7,9-11 It was also found that the photopolymerization behavior of methacryl HYBRIMER films, doped with IRG 369 as photo-initiators, was very similar to that of BDK from the FTIR spectroscopy. Based on the FTIR spectra shown in Fig. 5 , the conversion degree of the C‫ס‬C group may be calculated using Eq. (1) 12
where A C‫ס‬C and A C‫ס‬O represent the integrated peak intensities of the C‫ס‬C and C‫ס‬O groups, respectively. Figure 6 shows the conversion degrees of the methacryl HYBRIMER films as functions of composition. Based on this, it can be deduced that, despite the small UV doses, organic networks can be sufficiently formed, regardless of the photo-initiators. The conversion degrees of the films decreased with the increase in the DPSD contents. As mentioned previously, the viscosity of the resin and the amount of phenyl groups in the resin increase with the DPSD contents. The polymerization reaction between methacryl groups can, therefore, be sterically inhibited, resulting in a decrease in the conversion degree of the films.
C. Refractive index
To study the effects of composition on optical parameters, the refractive indices of resin and film were measured. Figure 7 presents the refractive index of the resin as functions of compositions and the films of the corresponding composition. The refractive indices of the resins increase from 1.494 to 1.545 with DPSD contents at a 589.6-nm wavelength. Those of the films, on the other hand, were changed from 1.506 to 1.543 at a 1550-nm wavelength.
A refractive index change ⌬n is represented by the differential form of the Lorentz-Lorenz equation
where ␣ and represent polarizability and density, respectively. Based on Eq. (2), it can be expected that the refractive index will increase with polarizability and densification. In case of resin, it was found that the refractive index change, between 33 and 55 mol% of DPSD contents, by the densification was 0.0033, which was determined by measuring the densities of the resins. This value is negligible compared to the total refractive index change of resin. Therefore, due to a higher electronic polarizability of the phenyl-containing DPSD precursor compared to that of the MPTS precursor, the refractive index of the resin linearly increased with the DPSD contents. However, the refractive index change in the coating films is somewhat different. As shown in Fig. 7 , the refractive index of the film increases nonlinearly with DPSD contents. This can be explained by the densification of the films. During the fabrication of the films through photo-curing, the methacryl groups of the resin were polymerized. Their conversion degrees increased with the decrease in DPSD contents, as shown in Fig. 6 . More methacryl groups and higher conversion degrees can make the films more densified during photo-curing. It has been reported that the photo-polymerization of the methacryl groups can increase the refractive index of the film through densification. 7, [9] [10] [11] The refractive index change of the film with low DPSD contents, therefore, becomes larger than those with high DPSD contents during photo-polymerization. This densification-induced refractive index change seems not to be negligible, in case of the coating films.
The films also exhibited a low birefringence (3 × 10
), independent of composition, at a 1550-nm wavelength.
D. Thermo-optic coefficient
The thermo-optic effect is defined as the temperature dependence of the refractive index of a material. The thermo-optic characteristic is of considerable importance to the design of optical devices, such as optical switches and athermal devices.
1 Figure 8 illustrates the refractive index change of the films, at different compositions, as a function of temperature. In all the compositions, the refractive indices of the films decreased linearly with temperature. In the linear plot of the refractive index change against temperature, therefore, the thermo-optic coefficient (dn/dT) of the film can be calculated from its gradients. 7, 18 As shown in Fig. 8 , their dn/dTs are −2 × 10 −4 /°C, independent of the compositions, and are very close to other organic polymers. 1 According to the Prod'homme theory, the dn/dT can be described as
where f(n) = (n 2 − 1)(n 2 + 2)/6n, ⌽ is the temperature coefficient of electronic polarizability, and ␤ is the thermal expansion coefficient.
When the ⌽ is dominant, the refractive index becomes positive and increases with temperature. This is a characteristic of inorganic materials. When ␤ dominates, on the other hand, dn/dT becomes negative, and it decreases with the increase in temperature. This is a characteristic of organic polymers. The dn/dT's of most organic polymers are actually negative and are at 10 −4 /°C, since their ␤s are at 10 −4 /°C. It can, therefore, be expected that the thermo-optic characteristic of the methacryl HYBRIMER film originated mainly from a thermal expansion behavior, similar to that of organic polymers.
It has already been reported in previous works that both the formation of siloxane bond and organic networks in other HYBRIMER films can positively increase the value of the dn/dT since their thermal expansion coefficients have been reduced by cross-linking. 7, 18, 21 As the DPSD contents increase, the formation of the siloxane bond is promoted due to the further condensation reaction. The degree of polymerization of the methacryl group, on the other hand, is reduced by the steric effect, as shown in Fig. 6 . As a result, these two effects are mutually compensated in thermo-optic behavior of the methacryl HYBRIMER films, and the value of the dn/dT can remain constant in all the compositions.
E. Photo-patterning behavior of thick films
The fabrication of a photo-pattern for optical applications is generally carried out through a multi-step process, which includes photo-resist deposition, UV exposure, development, and wet or dry etching. 1 The methacryl HYBRIMER can, however, be directly photopatternable without the photo-resist deposition step, since the unpolymerized resin in the unexposed area is removed by developing. This photo-patterning merit makes it easy for the methacryl HYBRIMER to develop planar optical devices on chips.
The photo-patterning of thick HYBRIMER films with 50-mol% DPSD contents was performed using a photomask and a metal spacer. The resin was spun on the Si(100) wafer at 200 rpm, and the metal spacer (200-m thickness) was placed on the Si wafer to prevent direct contact between the film and the photo-mask. The photomask was then put on the metal spacer. The film was illuminated with a UV lamp through the photo-mask at UV doses of 860 mJ/cm 2 . The sample was developed for 30 s in an n-propylacetate/isopropyl alcohol mixture (volume ratio 1:1) after UV exposure and subsequently rinsed with isopropyl alcohol. Figure 9 (a) exhibits the SEM images of the photopatterns of the methacryl HYBRIMER film using a photo-mask with 60-100 m slit pattern and a 10-m width difference. Figure 9 (b) shows the pattern with the 60-m slit in Fig. 9(a) . Even in films up to 170 m thick, a high aspect ratio (3:1) pattern can be obtained. This reveals that the thick photo-curable methacryl HYBRIMER can be used in the fabrication of various optical devices and Micro Electro Mechanical System.
IV. CONCLUSION
Methacryl-oligosiloxane nano hybrid (methacryl HYBRIMER) films were fabricated from MPTS and DPSD, and the effects of compositional modification on their optical properties were verified. The viscosity of the methacryl-oligosiloxane nano hybrid resin was altered at 10 2 intervals by the compositional modification but without any drastic changes in the reaction parameters, and thickness controllable (from 11 to 150 m) and uniform (less than 1 nm rms roughness) coating films were obtained through a single-coating step. The degree of photo-polymerization of the resin decreased with the increase in DPSD contents, as a result of the steric effect. The refractive indices of the films increased nonlinearly from 1.506 to 1.543 with the increase in DPSD contents, due to the high electronic polarizability of the phenyl group and the densification induced by photopolymerization. On the other hand, the thermo-optic coefficients remained constant (−2 × 10 −4 /°C), independent of composition, due to the compensation between the degree of condensation and photo-polymerization. And also, we demonstrated a thick (170 m) photo-pattern with high aspect ratio (3:1). The methacryl-oligosiloxane nano hybrid materials can be a promising candidate for the optical application owing to their wide tunability of optical parameters through the simple compositional modification.
